The eucrites and diogenites are meteorites that probably originate from asteroid 4-Vesta. The upper part of the crust of this body is certainly composed of eucrites which are basaltic or gabbroic rocks. Diogenites are ultramafic cumulates whose relationships with eucritic lithologies are unknown. Here, we show that the orthopyroxenes of some diogenites display very deep negative Eu anomalies (Eu/Eu* close to 0.1 or lower). The contamination of the parental magmas of diogenites by melts derived by partial melting of the eucritic crust can satisfactorily explain the range of the Eu anomalies displayed by diogenites. Thus, these anomalies are the first firm indication that parental melts of diogenites have intruded the eucritic crust, and consequently are younger than eucrites.
INTRODUCTION
Achondrites preserve a record of the magmatic processes that occurred during the differentiation of small planetary bodies. The howardite-eucrite-diogenite (HED) meteorites provide us with the largest sampling of magmatic rocks from such a body, probably asteroid 4-Vesta (Drake, 2001; McSween et al., 2010) , whose surface will be studied next year by the Dawn spacecraft (Russell et al., 2007) . Available lithologies comprise both a variety of basaltic or gabbroic rocks (eucrites) and ultramafic cumulates (diogenites). With more than 200 meteorites (including pairings), diogenites constitute one of the largest groups of achondrites. Almost all these rocks are orthopyroxenites, chiefly composed of magnesian orthopyroxene crystals, with minor chromite, silica, troilite, metal, and occasionally olivine, diopside, plagioclase, and rare phosphate (Mittlefehldt, 1994) . A few diogenites display high modal abundances of olivine (harzburgites) and were seen as possible mantle lithologies (Sack et al., 1991) . It is now widely accepted that all these rocks, including the "harzburgitic diogenites" , are cumulates but the exact compositions of their parental melts are still not well constrained (Mittlefehldt, 1994 (Mittlefehldt, , 2000 Fowler et al., 1995; Barrat, 2004; Barrat et al., 2008; Shearer et al., 2010) . We investigated the trace element geochemistry of diogenites because these lithologies provide an important record of the magmatic history of their parent body. They present the biggest challenge to existing models for the magma genesis and the structure of Vesta, which are at present largely based on the data obtained on eucritic lithologies. Currently there is little agreement about the genetic links and the relative chronology between eucrites and diogenites. It has been proposed that they formed during the cooling of a global magma ocean (Righter and Drake, 1997; Ruzicka et al., 1997; Warren, 1997) . Alternatively, these rocks are not necessarily cogenetic (Mittlefehldt, 1994; Fowler et al., 1995) . The parental melts of diogenites could have been produced by remelting of ultramafic cumulates previously crystallized in the magma ocean (Barrat, 2004; Barrat et al., 2008) .
Here, we report new trace element abundances for a large set of diogenites, which show that the parental magmas of many of them have been contaminated by liquids produced by remelting of the eucritic crust. This demonstrates that diogenites formed after eucrites, and should be emplaced within the eucritic crust of Vesta rather than forming a lower layer as commonly thought.
SAMPLES AND METHODS
We analyzed samples from 33 different diogenites during the course of the study: Bilanga, Johnstown, Roda, Shalka, Tatahouine Table 1 .
The major-element compositions of the orthopyroxenes were determined by electron microprobe analysis using a JEOL JXA8200 at National Institute of Polar Research, Tokyo, or a Cameca SX100 at Ifremer, Plouzané. All analyses used wavelength dispersive spectrometers at 15 kV accelerating voltage, 10-30 nA beam current. Minerals and metal standards were used for calibration.
Powders, prepared using a boron-carbide mortar and pestle, were leached in 6 M HCl (130°C, 30-40 min) . Residues (rinsed five times in ultrapure water) and unleached powders were completely dissolved using the procedure described by Barrat et al. (2008) . Elemental abundances were determined using a high-resolution inductively coupled plasma-mass spectrometer Thermo Element 2 at Institut Universitaire Européen de la Mer (IUEM), Plouzané. Results on international standards have been repeatedly reported previously (Barrat et al., 2007 (Barrat et al., , 2008 Barrat and Bollinger, 2010) . Based on standards and many sample duplicates, the 1r analytical uncertainties for abundances and trace element ratios (e.g., Eu/Eu*, where Eu* is the expected Eu concentration for a smooth CI-normalized REE pattern, such that Eu Ã n ¼ ðSm n Â Gd n Þ 1=2 ) are in most cases much better than 3%. The results are given in Table 2 , along with data obtained previously on some unleached powders (Bilanga, A-881526, A-881548), and three additional residues (Dho 700, NWA 4215 and A-881839,22) which were obtained using comparable procedures (Barrat et al., 2006 (Barrat et al., , 2008 .
One of the samples (MET 00424) displays light REE abundances which are too low to be accurately estimated using this procedure. Consequently we have separated the REEs from approximately 100 mg of sample and concentrated the REEs in approximately 3 ml, using a simple ion-exchange chromatography procedure (Barrat et al., 1996) . The accuracies are estimated to be better than 20% for La, Ce and Pr, better than 10% for Sm and Nd, and better than 5% for the other REEs, except Eu whose concentrations are indicative.
Finally, we have tried to determine the trace element abundances of the sparse plagioclase grains in Dhofar 700 by laser-ICP-MS ). Most of the crystals were too small or too thin to be correctly analyzed but we obtained a single analysis with acceptable statistics (<10%), which is given in Table 2 .
RESULTS AND DISCUSSION

Why leach the powders?
Most of the available trace element data on diogenites to date have been previously obtained on bulk rock aliquots (Fukuoka et al., 1977; Mittlefehldt, 1994 Mittlefehldt, , 2000 Barrat et al., 2008) . The interpretation of these analyses is difficult. At first glance, it can be assumed that the compositions of these fractions match satisfactorily those of the orthopyroxene crystals. Unfortunately, the trace element abundances are often hampered by minute amounts of minor phases such as metal and sulfides for siderophile or chalcophile elements, or phosphates for rare earth elements (REE) and Sr. Furthermore, a large number of diogenites are finds from hot deserts or Antarctica. These meteorites have suffered terrestrial weathering and contain secondary phases, whose contribution to the trace element budget can be significant (Barrat et al., 1999 (Barrat et al., , 2006 (Barrat et al., , 2008 . These drawbacks could in principle be overcome by using, for example, ion-probe analyses of orthopyroxenes. Unfortunately, the abundances of many incompatible elements of interest are often very low (e.g., Eu generally much less than 10 ng/g) and difficult to determine with appropriate accuracies using in-situ analytical procedures (e.g., Fowler et al., 1995) . However, phosphates, and most of the secondary phases (e.g., rust, carbonates, . . .) are easily removed from a diogenite powder using, for example, hot hydrochloric acid, leaving a residue essentially made of orthopyroxene. Thus, some trace element abundances or ratios (e.g., Sr, REE, Eu/Eu*) of orthopyroxenes can be deduced from those of the residues after leaching (e.g., Barrat et al., 2008) . As an example, we have analyzed a large orthopyroxene clast prepared from the Johnstown diogenite. Johnstown has been extensively analyzed previously (Floran et al., 1981; Mittlefehldt, 1994; Barrat et al., 2008) , and the REE abundances obtained on numerous bulk fractions are extremely variable. Some of the fractions display a marked light REE enrichment which has been previously ascribed to the involvement of a light REE component, possibly a trapped melt (Floran et al., 1981) or more likely a phosphate phase. A fraction of the powder (about 140 mg) was successively leached in 2 M HCl (50°C, 30 min), and subsequently in 6 N HCl (130°C, 30 min). The first HCl fraction contained detectable amounts of P, which indicated that a phosphate phase has been leached. Its trace element abundances (Table 2 ) have been calculated from the composition of the HCl fraction assuming a P 2 O 5 concentration fixed to 42 wt%. Unsurprisingly, the calculated phosphate is REErich (Table 2) , and displays a marked light REE enrichment (Fig. 1) . The residue is light REE depleted as expected for a pure orthopyroxene fraction (Fig. 1) . The trace element content of the unleached powder is well accounted for by a mixture of 99.994 wt% residue and only 0.006 wt% phosphate. Hence, traces of phosphates explain the spread of light REE abundances of the unleached samples.
The involvement of phosphates has been checked in all the diogenites from Antarctica we have analyzed. The comparison of the REE ratios of the residues and the unleached powder demonstrate that such phases occur in many diogenites. The P contents of the residues were always negligible (much less than 5 lg/g in most cases) demonstrating the efficiency of our leaching procedure. The residues are generally much more light REE depleted than the unleached powders (Fig. 2) . In many cases, the residues display a negative Eu anomaly much more pronounced than the unleached powder and such an effect is well explained by the traces of phosphate in the samples. Notice that the occurrence of phosphate has virtually no effect on the heavy REE abundances or ratios (Table 2 and Fig. 2 ).
Diogenites found in hot deserts often contain secondary minerals such as carbonates, rust and sometimes minor amounts of sulfates. Despite the leaching step, many residues obtained from hot-desert diogenites still display high Ba and Sr abundances. We ascribe these high concentrations to sulfates (barite, gypsum), which were not dissolved. The impact of these phases on the REEs is uncertain. As we will see below, the REE abundances of the residues Table 1 Details of meteorites studied (D, diogenite; Ol D, olivine diogenite). FeO/MgO (wt% / wt%) ratios from this study except M (Mittlefehldt, 1994) , D (Domanik et al., 2004) , B (Barrat et al., 2008) , and S (Shearer et al., 2010 (Figs. 3 and 4) , which can be more likely seen as the fingerprint of the terrestrial weathering (Barrat et al., 1999 (Barrat et al., , 2006 (Barrat et al., , 2008 . Except for some weathered hot-desert samples, the REE abundances of the residues are certainly indistinguishable from those of the orthopyroxenes. A few percent of chromite or olivine in these fractions have no effect on the shape of the REE patterns because these phases display very low REE abundances. Traces of plagioclase are not removed by our procedure and could in principle explain a very limited part of the range of the Eu/Eu* values obtained here. This problem should not be overemphasized because plagioclase, when present, is only a minor phase. It can account only for a limited spread of the Eu/Eu* values in some cases (e.g., the Yamato-A diogenites), but certainly not for the striking negative Eu anomalies which are the key arguments of our study.
Groupings
Diogenites display a remarkable range of REE abundances (Fukuoka et al., 1977; Mittlefehldt, 1994 Mittlefehldt, , 2000 Barrat et al., 2008) , and unsurprisingly, their orthopyroxenes (i.e., the residues) are no exceptions (Fowler et al., 1995) . The Yb abundances obtained here range for example, from 5 to 593 ng/g. More importantly, diogenitic orthopyroxenes are characterized by an impressive range of negative Eu anomalies (Eu/Eu* = 0.04-0.76, Fig. 1) , and heavy REE enrichments ((Dy/Lu) n = 0.01-0.8). Neither the REE abundances, nor the REE ratios (e.g., Dy/Lu, Eu/Eu*) are correlated with major elements (not shown). Before discussing the origin of the deep negative Eu anomalies and the range of the heavy REE enrichments shown by the diogenitic orthopyroxenes, the REE abundances allow us to group most of the samples analyzed here.
Tatahouine group
Tatahouine and NWA 5480 display REE patterns with the same heavy REE enrichments and Eu anomalies. The similarities between the patterns of these two diogenites are so striking (Fig. 4) , that it can be suggested that they certainly formed from similar parental melts, possibly from the same magmatic body.
Yamato-A group
We have analyzed chips from Y-74013 and Y-74097, two paired diogenites found during the seventies in the (Floran et al., 1981; Mittlefehldt, 1994) . The reference chondrite is from Evensen et al. (1978) . Yamato meteorite field (Takeda et al., 1981) . The shape of their REE patterns are similar (Fig. 4) , except for the Eu anomalies (Eu/Eu* = 0.38-0.65). These diogenites contain traces of plagioclase which can explain these small variations. Furthermore, three additional diogenites (A-880785, A-880936 and GRO 95555) display the same kind of REE patterns and could belong to the same group of samples.
EETA 79002 group
It has been previously shown that a series of diogenites from Antarctica (EETA 79002, A-881526, LAP 02216, LAP 03569, LAP 03630, MET 00422, MIL 03368) displays strikingly parallel REE patterns, and formed certainly from very similar melts (Barrat et al., 2008) . Two of these diogenites have been reanalyzed here. The REE abundances in the unleached fractions and the residues are identical and confirm that these diogenites do not contain phosphate (Table 2) . Moreover, NWA 4223, an unbrecciated olivine diogenite belongs to this group (Fig. 5) .
MET 00436 group
MET 00425, MET 00436 and MIL 07001 orthopyroxenes display parallel REE patterns (Fig. 5) . Notice that the Eu anomalies are different for the three residues (Eu/ Eu* = 0.34-0.76).
Johnstown group
The orthopyroxenes from Johnstown, Bilanga, Roda, A-881548 and Dhofar 700 (the least weathered fraction) display REE patterns with very deep Eu anomalies (Eu/Eu* = 0.08-0.16), and marked light REE depletions ((La/Sm) n = 0.08-0.23) Fig. 6. 
NWA 5613 group
The orthopyroxenes of the diogenites from this group (NWA 3143, NWA 4272, NWA 5613, A-881838, A-881839, A-881944, MIL 07003) display the same kind of REE patterns as those of the Johnstown group with very low Eu/Eu* values (Eu/Eu* = 0.04-0.12) but with less pronounced light REE depletions ((La/Sm) n = 0.26-0.36).
The REE patterns of the few others samples analyzed during the course of the study cannot be classified in the previous groups. The shapes of the REE patterns of A-87147, A-88377 and NWA 4664 are like those of the NWA 5613 group but the negative Eu anomalies are much less pronounced (Fig. 7) . ALHA 77256 (Fig. 7) and Shalka (Fig. 4 ) cannot be grouped easily with other samples. Notice that Shalka displays the same heavy REE enrichment as the Yamato-A group pyroxenes but is not light REE depleted (Fig. 4) . Finally, MET 00424 is by far the most unusual sample (Fig. 8) . This diogenite displays extremely low REE abundances and the most fractionated heavy REE abundances. Unfortunately, the light REE concentrations were too low to be correctly determined with previous procedures. We have separated and concentrated the REEs from the solutions prepared with the unleached powder and from the residue after leaching, and we have determined the abundances of all the REEs. These new data confirm the results obtained previously by Mittlefehldt (2002) and Barrat et al. (2008) (Fig. 8) . Both fractions display the same kind of pattern, i.e., with a strong heavy REE enrichment ((Gd/Lu) n = 0.004-0.008), very low middle REE abundances (<10 À3 Â CI) and a marked light REE enrichment ((La/Sm) n = 3.5-4.3). Although the Eu abundances we have obtained are just indicative, it is certain that the two analyzed fractions do not exhibit deep Eu anomalies. The unleached fraction displays the same heavy REE abundances as the residue, but about twice more light REEs. The difference could be explained by the effect of traces of terrestrial secondary phases (rust) in the unleached powder. Moreover, these REE patterns cannot be explained by any simple model. One may speculate that such U-or V-shape patterns can result of interactions between a strongly heavy REE enriched component (i.e., a pure orthopyroxenite) with a light REE enriched component (i.e., an infiltrated melt?), but this hypothesis cannot be discussed with this single sample. It has been previously suggested that MET 00424 is paired with MET 00436 (Warren et al., 2009 ), but REE abundances rule out this possibility.
Origin of the Eu anomalies
Several mechanisms may be considered to be responsible for the observed range of Eu/Eu* values, and are discussed below. Firstly, diogenites contain occasionally sparse plagioclase grains, and this phase displays large positive Eu anomalies (Mittlefehldt, 1994) . Variable amounts of plagioclase in the analyzed fractions can potentially be the cause of the range of Eu/Eu* values measured here: calculations show that only 2 wt% of plagioclase are able to compensate the deep negative Eu anomalies displayed by the orthopyroxenes in Dhofar 700 (Fig. 9) . Although traces of plagioclase could explain the limited spread of values obtained for some plagioclase-bearing diogenites (the Yamato-type A ones for example), this explanation cannot account for the full range of Eu/Eu* values. Most of the analyzed fractions, some displaying among the lowest Eu/Eu* values (e.g., NWA 5613, orthopyroxene fractions from Johnstown or Roda) and others displaying the highest ones (e.g., Shalka, MIL 07001, NWA 1461), were totally devoid of plagioclase.
The immediate question that must be addressed, is whether or not the orthopyroxenes in diogenites preserve some of the pristine magmatic features of their trace element abundances. The involvement of a small amount of trapped melt and subsolidus reequilibration between orthopyroxene and the interstitial phases can modify the concentrations of incompatible elements of the orthopyroxenes severely during the cooling of diogenites (Treiman, 1996; Barrat, 2004) . The Eu/Eu* ratios are sensitive to these processes. In the absence of plagioclase, the involvement of a few percent of trapped melt can increase the Eu/Eu* ratio of the orthopyroxene, and could explain some of our results (MIL 07001, NWA 1461). If plagioclase is an interstitial phase, the opposite effect is expected. However, this effect cannot account for the lowest Eu/Eu* values shown by the diogenitic orthopyroxenes because plagioclase is at best a minor phase in all the diogenites we have analyzed, and is not abundant enough to have a significant effect on the Eu/Eu* values of the orthopyroxenes. Moreover, the orthopyroxenes in Dhofar 700, an unbrecciated diogenite containing minor interstitial plagioclase, and whose Eu/ Eu* ratios (=0.09-0.13) are among the lowest measured, still display pristine zoning for major elements. Thus, the very low negative Eu anomalies shown by the diogenitic orthopyroxenes are not generated by subsolidus processes, and are more likely a pristine feature.
The behavior of Eu during the crystallization of low-Ca pyroxene is strongly dependant on the fO 2 , and is decoupled from Sm and Gd, its neighboring REEs, in reducing conditions (Schwandt and McKay, 1998; McCanta et al., 2004) . Thus, the wide range of Eu anomalies displayed by the diogenitic orthopyroxenes could be explained by a diversity of redox states during the crystallization of the diogenitic systems. However, the striking correlation between the Sr/Eu* ratios, which are insensitive to the redox state (McKay et al., 1994) , and the Eu/Eu* ratios, rules out this possibility (Fig. 10) .
Furthermore, the correlation between the Sr/Eu* and Eu/Eu* ratios could be the fingerprint of the involvement of plagioclase during the genesis of the parental melts of diogenites. Two scenarios can be proposed. Firstly, low Eu/Eu* and Sr/Eu* ratios in a melt can be achieved by the removal of large amounts of plagioclase. Secondly, melts displaying low Sr/Eu* and Eu/Eu* ratios can be produced by partial melting of a plagioclase-bearing ultramafic source while plagioclase is a residual phase. In both cases, these processes are inappropriate here. Plagioclase is clearly not an early crystallizing phase in the diogenitic melts (e.g., Mittlefehldt, 1994; Bowman et al., 1999; Beck and McSween, 2010) . Consequently, the parental melts of the diogenites were certainly not in equilibrium with a plagioclase-bearing source. For the same reason, the crystallization of large amounts of plagioclase before orthopyroxene from these melts is just not possible. (Barrat et al., 2008) . The reference chondrite is from Evensen et al. (1978) . . The effects of traces of plagioclase in a diogenite split. The calculations were made using orthopyroxene (Ce was interpolated between La and Pr because of terrestrial weathering) and plagioclase from Dhofar 700. The deep negative Eu anomaly of the pyroxene is totally masked with only 2% of plagioclase. The reference chondrite is from Evensen et al. (1978) .
Diogenites crystallized probably at the same fO 2 conditions as eucrites, close to the iron-wü stite buffer down to 1 log-unit below it (Stolper, 1977; Hewins and Ulmer, 1984) . Under these conditions, a melt with no Eu anomaly is in equilibrium with a low-Ca pyroxene with a Eu/Eu* ratio close to 0.2-0.4 (Schwandt and McKay, 1998; McCanta et al., 2004) . Therefore, the very large negative Eu anomalies exhibited by some diogenitic orthopyroxenes suggest that they formed from melts displaying extremely low Eu/ Eu* ratios, as low as 0.1-0.2. How can the parental melts of some diogenites achieve such deep negative Eu anomalies without the direct involvement of plagioclase? The only plausible solution to this question is that these melts have been contaminated by component(s) displaying an extremely large negative Eu anomaly. Such components could have been easily generated on Vesta (Barrat et al., 2007; Yamaguchi et al., 2009) . Melts displaying very high REE abundances, very low Eu/Eu* and low Sr/Eu* ratios, have probably been produced by low degrees of melting of the eucritic crust (Figs. 10 and 11) . The intrusion of hot diogenitic parental melts into the eucritic crust could have increased the temperatures of the country rocks above their solidus, resulting in a localized partial melting of the crust.
The modeling of the contamination of the parental melts of diogenites by a crustal partial melt is not a trivial task. Firstly, the trace element abundances of diogenites indicate a diversity of their parental melts, whose compositions are still a matter of debate. If our hypothesis is correct, the uncontaminated or the least contaminated parental melts of diogenites should display among the lowest trace element abundances. For the calculation purposes, we have chosen the parental melts of Tatahouine and Y-74097 whose REE abundances are low. We estimate their trace element abundances from the partition coefficients obtained by Schwandt and McKay (1998) . Notice that parental melts of diogenites with much lower REE abundances have been generated (e.g., the melt in equilibrium with MET 00424). Secondly, the eucritic crust is certainly heterogeneous and is made of a variety of flows and intrusions (from Mg-rich cumulate eucrite to Nuevo Laredo and Stannern trend eucrites), displaying a wide range of REE and other trace element abundances. Thus, the melts possibly generated during the Shimizu and Masuda, 1986; Barrat et al., 2000 Barrat et al., , 2003 Barrat et al., , 2007 Yamaguchi et al., 2009 Fig. 11 . REE patterns of calculated magmas derived by modal partial melting of two typical noncumulate eucrites. The reference chondrite is from Evensen et al. (1978) . Because the compositions of melts generated by the melting of a eucrite have not yet been determined experimentally, we estimated their trace element abundances theoretically using the same model and parameters as Barrat et al. (2007) . We used the compositions of Juvinas and Nuevo Laredo, and estimated the compositions of the melts after 1%, 5% and 10% of partial melting. In reality, the melting of a eucrite would be more complex than is considered by this model. The involvement of REE-rich accessory phases such as phosphates would certainly be significant at very low degrees of melting, and melts with higher REE abundances but similar Eu and Sr anomalies are expected. However, these calculations should give a realistic picture of the REE abundances of these partial melts, and demonstrate that they are characterized by very high REE abundances and huge negative Eu and Sr anomalies. melting of the eucritic crust displayed certainly a wide range of REE abundances, as exemplified in Fig. 10 . We have used the same parameters as Barrat et al. (2007) for the melting model (Barrat et al., 2007, pp. 4118-4119) , and a magma obtained after 2% of partial melting of the Juvinas eucrite has been used for the calculations. However, because phosphates are the main carriers of REE in eucrites (Delaney et al., 1984; Hsu and Crozaz, 1996) , and are among the first phases involved during the partial melting (Yamaguchi and Mikouchi, 2005) , magmas generated by very low degree of partial melting (less than 5%) have probably much higher light REE abundances and possibly even lower negative Eu anomalies than the compositions estimated from simple partial melting calculations. Simple mixing calculations indicate that it is possible to produce orthopyroxenes with very low Eu/Eu* ratios from a diogenitic parental melt if the latter has assimilated less than 10% of such crustal partial melts (Fig. 12) . Despite the uncertainties due to the lack of knowledge of the parental melts of the diogenites, the uncertainties about the composition of the assimilated melts, and the partition coefficients, the low levels of contamination suggested by the calculations indicate that it is a viable mechanism for producing the range of the Eu/Eu* values of the diogenitic orthopyroxenes. More complex models of contamination processes, such as combination of assimilation of a contaminant by the melt and fractional crystallization (e.g., DePaolo, 1981) do not alter this conclusion.
Furthermore, diogenites display an exceptional range of heavy REE enrichments with (Dy/Lu) n ratios from values close to 0.02-1. Interestingly, the (Dy/Lu) n ratios are correlated with the Sm abundances (Fig. 12) and such correlation could be at least partly explained by the contamination of the parental melts of diogenites by the crustal partial melts. Our calculations suggest that the contamination hypothesis can satisfactorily explain a significant part of the trend but fails to account for the whole range of the values. We suspect that the (Dy/Lu) ratios of the crustal partial melts are not satisfactorily estimated by the model (phosphate effect for low degrees of melting?). Experimental work is needed to estimate more precisely the compositions of the melts formed during the melting of a eucrite.
CONCLUSIONS
The very low Eu/Eu* values displayed by some diogenites and their orthopyroxenes are best explained by the contamination of their parental magmas by melts derived from the eucritic crust. This conclusion has profound implications for our understanding of the magmatic history and the structure of the crust of Vesta. Firstly, geochronological studies have demonstrated that diogenites are ancient rocks, but the uncertainties on the crystallization ages do not allow a relative chronology with the eucrites (Lugmair and Shukolyukov, 1998) . Although diogenites cannot be dated precisely, our results imply that they formed contemporaneously to, or more likely, after eucrites. Secondly, it is generally believed that Vesta displays a well stratified structure, with the upper part composed, from the top to the bottom, of a variety of eucrites, progressively more metamorphosed with depth, followed by diogenites which are seen as the deepest samples yet available of the body (Takeda, 1979) . This view has been strengthened by models of crystallization of a global magma ocean (Righter and Drake, 1997; Ruzicka et al., 1997) which satisfactorily explain the short duration of eucritic magmatism (e.g., Lugmair and Shukolyuokov, 1998; Bizzaro et al., 2005; Misawa et al., 2005) , the low siderophile trace element abundances of the eucrites (Righter and Drake, 1997) , and the homogeneity of the D 17 O values of the HED lithologies (Greenwood et al., 2005; Scott et al., 2009) . A global diogenitic layer localized below the eucritic crust is assumed by these models (Fig. 13A) . Although the vast majority of the known diogenites certainly formed at depth, a few samples (e.g., Garland (Fowler et al., 1994) , Dho 700, NWA 4215) display zoned pyroxenes which indicate that they . Eu/Eu* and (Dy/Lu) n vs. Sm plot for diogenites. The mixing curves correspond to the composition of the orthopyroxenes in equilibrium respectively with the parental melts of the Tatahouine (T) and Yamato-74097 (Y) diogenites contaminated with a crustal partial melt. The parental melts of the diogenites were estimated from the REE abundances of the residues and orthopyroxene partition coefficients (Schwandt and McKay, 1998) . A magma obtained after 2% of melting of the Juvinas eucrite has been chosen as contaminant. In addition to the contamination of the parental magmas of diogenites by crustal partial melts, fractional crystallization explains part of the spread of data. The 2r errors are equivalent to the size of the data points.
cooled much faster than other diogenites, and formed more likely within shallow intrusions (Barrat et al., 2006) . Therefore, these petrological considerations and the chemical constraints presented here show that the parental melts of diogenites have intruded the eucritic crust, pointing to a different picture of the structure of the Vestan crust (Fig. 13B ). At present, the available Hubble Space Telescope images have clearly demonstrated that the surface of Vesta is highly impacted. The largest impact craters could have exposed deep crustal areas, especially in the southern hemisphere where a huge impact basin, 460 km in diameter, has been described .
The available geological models deduced from these images are too uncertain to constrain the structure of the crust Li et al., 2010) . The planned remote sensing studies that will be undertaken next year by the Dawn spacecraft are necessary to describe the various crustal units exposed by the craters (Russell et al., 2007) . The geochemistry of HED meteorites thus may provide a framework to better understand the observations of the Dawn mission.
